Plasmid DNA was rirradiated or treated with H202 in the presence of Cu2+ to generate oxygen free radical-induced lesions. Open circular DNA molecules were removed by ethidium bromide/CsCI density gradient centrifugation. The closed circular DNA fraction was treated with the Escherichia coli reagent enzymes endonuclease IH (Nth protein) and Fpg protein. This treatment converted DNA molecules containing the major base lesions pyrimidine hydrates and 8-hydroxyguanine to a nicked form. Remaining closed circular DNA containing other oxygen radical-induced base lesions was used as a substrate for nudeotide excision-repair in a cell-free system. Extracts from normal human cells, but not extracts from xeroderma pigmentosum cells, catalyzed repair synthesis in this DNA. The repair defect in the latter extracts could be specifically corrected by in vitro complementation. The data suggest that accumulation of endogenous oxidative damage in cellular DNA from xeroderma pigmentosum patients contributes to the increased frequency ofinternal cancers and the neural degeneration occurring in serious cases of the syndrome.
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UV light and ionizing radiation induce the formation of different and diverse types of DNA lesions. After exposure of DNA to UV light, pyrimidine dimers are the main products, whereas oxygen free radicals produced by ionizing radiation generate single-and double-strand breaks as well as a variety of ring-saturated, ring-fragmented, and oxidized base derivatives. Different DNA repair processes are used by cells to correct the damage: pyrimidine dimers are removed as part of oligonucleotides in a nucleotide excision-repair pathway initiated by a multisubunit incision nuclease, while several oxidized bases are liberated in free form by DNA glycosylases in a base excision-repair process. In cells from patients with the human inherited disease xeroderma pigmentosum (XP), incision at pyrimidine dimers is defective. As a consequence, the main symptoms of XP involve skin and eye lesions occurring after exposure to sunlight, including multiple skin cancers. However, other symptoms of XP are not readily explained as being due to UV-induced DNA damage. In severe cases, sometimes termed de SanctisCacchione syndrome, patients exhibit progressive neurological deterioration with massive loss of neurons and a 10-to 20-fold increase in frequency of several types of internal cancers (1) . The origins of these symptoms have been unclear, but they could arise because of accumulation of DNA damage generated by exposure to environmental chemical mutagens or reactive cellular metabolites (2) . In the latter regard, DNA is known to undergo endogenous damage due to hydrolysis, reaction with active oxygen, and nonenzymatic methylation. However, the main known lesions introduced in this fashion are corrected by base excision-repair
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with molecules to an open circular form. The open DNA circles were isolated and incubated with human cell extracts for rejoining into covalently closed circular DNA. The joining reaction was strongly stimulated by NAD+, which promotes the automodification and release of poly(ADP-ribose) polymerase molecules that bind tightly to strand breaks and inhibit repair in the absence of the cofactor (8) . As noted previously (9) , only part of the open circular plasmid population was rejoined effectively due to end group heterogeneity. There were no detectable differences in the rates or extents of strand-break rejoining between extracts from normal cells orXP cells (Fig. 1 (Fig. 2) , contained a lesion that elicited DNA repair synthesis by normal cell extracts but not by XP cell extracts (Fig. 3 C and D) . Interestingly, repair by normal cell extracts only occurred efficiently at high protein concentrations (Fig. 3 C and D) . The conditions (16) . Moreover, the lesion was not removed by treatment of '-yirradiated DNA with alkali or E. coli endonuclease IV, demonstrating that it was not an abasic site (data not shown). Incubation of y-,irradiated or H202/Cu2+-treated DNA with T4 pyrimidine dimer DNA glycosylase also failed to remove the lesion, showing that it was different from a cyclobutane pyrimidine dimer. UV-induced DNA lesions such as cyclobutane pyrimidine dimers and 6-4 photoproduct adducts are formed by photon energy absorption with similar action spectra, not by free radical attack, and generation of pyrimidine dimers in DNA by Cerenkov radiation is only significant at much higher y-ray doses than were used here (17) .
In Vitro Complementation. The multisubunit incision/ excision system defective in XP can be reactivated by fusion of XP cells of different genetic complementation groups (18) or by mixing cell extracts of such origins (3) . Here, the repair activity against an oxygen free radical-induced DNA lesion ( Fig. 3 C and D) was observed to be deficient in cell extracts from XP complementation groups A, B, C, D, and G (Figs.  4 and 5) . Mixing of XP-A, -B, or -C extracts restored activity, whereas a combination of extracts from two different XP-A cell lines was inactive (Fig. 4) . These in vitro complementation data confirm that the radical-induced lesion was recognized by the nucleotide excision-repair system that is defective in XP. Complementation in cell extracts can also be achieved by purified proteins. The XP-A gene encodes a DNA-binding protein of 31 kDa, which is required for incision at damaged sites (6, 19) . Addition of recombinant XPAC protein to XP-A cell extracts restored repair activity but did not affect XP extracts representing other complementation groups (Fig. 5 ).
In conclusion, the oxygen free radical-induced DNA lesion investigated here is repaired by the same nucleotide excisionrepair mechanism as UV-induced pyrimidine dimers. DISCUSSION XP cells and cell lines usually appear normally resistant to ionizing radiation, and XP patients have received x-ray therapy for malignant skin tumors (20, 21) . In the present study, we observed normal joining of radiation-induced single-strand breaks in DNA by XP cell extracts, in agreement with previous in vivo data (22) . Similarly, base excisionrepair processes appear normal in XP cells (20) . Since oxygen free radicals generate several different classes of DNA lesions in addition to chain breaks, however, defective repair of only one specific type of such damage in XP cells may be difficult to detect in cytotoxicity assays. This problem was addressed here by in vitro experiments involving stepwise removal from irradiated plasmids of DNA molecules containing well known lesions such as DNA strand breaks and base derivatives susceptible to DNA glycosylases. These include thymine glycol, cytosine glycol, and related pyrimidine lesions lacking a 5,6 double bond, formamidopyrimidines, and 8-hydroxyguanine (Fig. 2) . We found that the residual covalently closed circular DNA molecules contained lesions that require nucleotide excision-repair for correction. From the amount of DNA repair synthesis observed, we estimate that this type of damage is present in amounts Conditions were as described in Fig. 4 , and the experiment was repeated three times with consistent results. Sources of cell extracts were as follows: Normal-1, XPA-1, XPA-2, XPB, and XPC, as described in Fig. 4 ; Normal-2 (GM01953A), XPD (GM02253), and XPG (XPG 83). similar to other major base derivatives generated by oxygen free radicals.
Scattered reports have appeared in the literature on XP cells anomalously sensitive to ionizing radiation and H202. A cell line derived from an XP complementation group G patient with severe mental retardation exhibited hypersensitivity to the lethal and mutagenic effects of -y-irradiation (23) . Hoffmann and Meneghini (24) showed that an XP-A cell line was twice as sensitive as a control line to the cytotoxic effect of H202 and suggested that XP cells might be anomalously sensitive to a hydroxyl radical-induced DNA lesion different from single-strand breaks. Regan, Setlow and coworkers (25, 26) demonstrated by a bromouracil photolysis technique that repair of DNA damage generated by UV light or several bulky chemical mutagens was associated with repair patches of =30 residues, and this process was defective in XP cells. The repaired regions after t-ray exposure only contained one or two residues, and this very short-patch repair occurred normally in XP cells. However, a minor proportion of the long-patch DNA repair was seen in normal cells but not in XP cells after anoxic y-irradiation, indicating that XP cells might be defective in repairing a component of the v-radiationinduced damage. Furthermore, the UV-sensitive ERCC-1 Chinese hamster ovary mutant strain 43-3B, which is defective in nucleotide excision-repair, is also hypersensitive to mutation induction by x-rays (27) .
What is the structure of the oxygen free radical-induced DNA lesion refractory to repair in XP cells? From present and previous data, several possibilities can be excluded, such as the formation of pyrimidine glycols and hydrates, 8-hydroxyguanine and other lesions processed by base excisionrepair, abasic sites, cyclobutane pyrimidine dimers, and adenine Nl-oxide. (28) . Furthermore, rirradiation of DNA induces the formation of 8,5'-cyclodeoxyadenosine residues (29) . The analogous 8,5'-cyclodeoxyguanosine is also formed, and the presence of an additional base-sugar bond in these derivatives would prevent removal ofthe lesion by a DNA glycosylase (30) . These cyclopurine deoxynucleosides may be present in our DNA substrates, but at a level (<1 lesion per plasmid) below the sensitivity of standard chemical detection procedures.
Why are the nucleotide excision repair defects of XP and the related Cockayne's syndrome so frequently associated with neurological abnormalities? There are probably two major contributing factors. One is that certain XP gene products appear to have additional essential roles in gene expression (31) . Thus, disruption of an XP gene function could sometimes lead to neurological abnormalities as a consequence of defective embryological development. This explanation would not apply, however, to the more common XP-A form of XP, where severe repair defects occur without associated developmental dysfunction. Instead, neurological abnormalities arise in a progressive fashion throughout the lifetime of the patient (typically 10-30 years). It has been suggested that accumulated DNA damage in XP patients could lead to neurological symptoms (2), but evidence for an appropriate source of such damage has heretofore been Proc. Natl. Acad. Sci. USA 90 (1993) lacking. The oxygen free radical-induced DNA lesion(s) revealed by the enzyme assays in the present work are likely to be formed at a low but significant rate as a consequence of endogenous oxidative metabolism. The lesions would be expected to accumulate gradually in the long-lived, nondividing but transcriptionally active neurons of XP patients, despite the partial protection afforded by chromatin proteins (32) . The interference of this DNA damage with appropriate cellular function could then contribute to the progressive neural deterioration often seen in XP.
